Abstract-In this work, a new active cavitation mapping technique for pulsed high-intensity focused ultrasound (pHIFU) applications termed bubble Doppler is proposed and its feasibility is tested in tissue-mimicking gel phantoms. pHIFU therapy uses short pulses, delivered at low pulse repetition frequency, to cause transient bubble activity that has been shown to enhance drug and gene delivery to tissues. The current gold standard for detecting and monitoring cavitation activity during pHIFU treatments is passive cavitation detection (PCD), which provides minimal information on the spatial distribution of the bubbles. B-mode imaging can detect hyperecho formation, but has very limited sensitivity, especially to small, transient microbubbles. The bubble Doppler method proposed here is based on a fusion of the adaptations of three Doppler techniques that had been previously developed for imaging of ultrasound contrast agents-color Doppler, pulse-inversion Doppler, and decorrelation Doppler. Doppler ensemble pulses were interleaved with therapeutic pHIFU pulses using three different pulse sequences and standard Doppler processing was applied to the received echoes. The information yielded by each of the techniques on the distribution and characteristics of pHIFU-induced cavitation bubbles was evaluated separately, and found to be complementary. The unified approach-bubble Doppler-was then proposed to both spatially map the presence of transient bubbles and to estimate their sizes and the degree of nonlinearity.
I. Introduction P ulsed high-intensity focused ultrasound (pHIFU) therapy is a modality used in such clinical applications as drug and gene delivery, where mild mechanical disruption of tissue by bubbles is desired, and thermal effects are to be avoided. Therefore, pHIFU treatment protocols consist of short pulses, delivered at low pulse repetition frequency, to cause transient cavitation bubble activity. pHIFU exposures have been extensively used to enhance drug/gene delivery to tumors with and without the assistance of microbubbles [1] [2] [3] . In addition, low-to moderate-intensity ultrasound treatments, such as lowintensity pulsed ultrasound (lIPUs) for orthopedic applications or brain stimulation, have recently gained momentum, and cavitation has often been suggested as one of the mechanisms of action; however, the existing methods of cavitation detection are not sensitive enough to prove this claim [4] .
Passive cavitation detection (Pcd) is considered to be the most reliable, cost-effective, and sensitive means of real-time cavitation detection methods [5] . In that method, broadband emissions resulting from bubble collapses are detected by a single-element focused hydrophone, aligned confocally with the HIFU transducer. The amplitude of detected broadband noise was shown to correlate with the observed bioeffects at the cellular level [6] [7] [8] . Unfortunately, this technique does not monitor the spatial distribution of bubbles with respect to the tissue being treated.
recently, passive methods to map broadband cavitation emissions during both continuous and pulsed HIFU insonations with multi-element ultrasound arrays have been proposed [9] [10] [11] [12] . The method for monitoring continuous HIFU exposures has been shown useful in predicting thermal lesion formation in the ex vivo bovine tissue [12] . However, the image reconstruction technique in both methods requires a large-aperture transducer to achieve reasonable image quality, which is not always optimal in clinical applications.
one of the earlier active cavitation detection methods is b-mode imaging, which utilizes the fact that cavitation bubbles are highly reflective and may appear as a hyperechoic region in the image [13] [14] [15] . This method has subsequently been shown to only be sensitive to large bubbles or bubble clouds that are reflective enough to be distinguishable from the tissue speckle pattern on the bmode image [14] [15] [16] . different doppler ultrasound methods have been used to image blood vessels [17] , [18] , and ultrasound contrast agents (Ucas) in diagnostic applications for a long time [19] , [20] . recently, color doppler, a method normally used to image moving scatterers in tissue, such as red blood cells, was also found to be sensitive to bubbles trapped in the cracks and crevices of solid concretions in soft tissues (e.g., kidney stones, calcifications or edges of medical instruments) [21] . crevice bubbles have been shown to give rise to the so-called twinkling artifact (Ta)-a dynamic color mosaic on the image of a hard concretion in the color doppler ultrasound display [22] . Experimental evidence suggests that irregular scattering of doppler ensemble pulses from the submicrometer-size fluctuating Manuscript received May 8, 2014 ; accepted June 19, 2014 . This work was supported by national Institutes of Health (nIH) grants 1r01ca154451 and 1K01Eb015745, and by the Washington state life sciences discovery Fund and the russian science Foundation.
T. li, T. d. Khokhlova crevice microbubbles leads to the random amplitude and phase changes in received signals, which in turn causes the random color display. based on this evidence, we hypothesized that color doppler imaging may be a sensitive means to detect small-size transient bubbles induced by pHIFU. Pulse-inversion doppler is a widespread method to image nonlinear scattering objects such as Ucas using a conventional color doppler sequence modified by inverting every other transmit pulse [23] . Harmonic doppler processing is then performed on the received echoes, so that only signals from moving nonlinear scatterers remain. The method provides superior contrast and sensitivity compared with other Uca imaging techniques, and may therefore be useful for detecting and characterizing pHIFU-induced bubbles.
another doppler-based approach to detection of Ucas is based on correlating doppler ensemble pulses transmitted before and after destruction of the Ucas by a longer, higher amplitude ultrasound pulse [24] , [25] . The change in echo signal associated with disruption of the Ucas and the release of free gas bubbles is construed as motion in color doppler imaging and, similar to Ta, is displayed as bright color mosaic. because the distributions of cavitation bubbles induced by each pulse of pHIFU treatment are likely to be different, this decorrelation doppler approach was hypothesized to be very sensitive to the presence of pHIFU-induced bubbles.
although these doppler imaging methods provide high sensitivity and spatial resolution in imaging Ucas, they may not be immediately applicable to mapping pHIFUinduced bubbles. Unlike Ucas, the size of these bubbles is not known in advance, and the bubbles are transient; i.e., they disappear very quickly after HIFU has been turned off. Imaging bubbles during the HIFU pulse, however, is not always possible because of the strong HIFU backscatter which may saturate the imaging probe electronics. The goal of this study was to evaluate the feasibility of bubble imaging using doppler ensembles transmitted between HIFU pulses. The experiments were performed in transparent polyacrylamide (Pa) gel phantoms to enable visual observation of pHIFU-induced cavitation activity. The three doppler methods-color doppler, pulse-inversion doppler, and decorrelation doppler-were assessed separately and their sensitivities were compared with that of Pcd.
II. Materials and Methods

A. Experimental Setup
The experimental setup used in this study is shown in Fig. 1 . The pHIFU exposures were performed in an acrylic water tank filled with purified water degassed to 20% to 24% oxygen saturation, as measured by a dissolved oxygen meter (oxi 330i, WTW GmbH, Weilheim, Germany). all pHIFU exposures were performed with a 1.27-MHz spherically focused transducer (sonic concepts, bothell, Wa) with 64 mm aperture and 64 mm radius of curvature, and a central circular opening of 22 mm in diameter. The HIFU transducer was powered by a computer-controlled combination of an rF amplifier (EnI 400b; EnI, rochester, ny) and a function generator (aFG 3022b; Tektronix, beaverton, or). before the experiments, focal pressure waveforms produced by the transducer in water at different power levels were measured by a fiber optic probe hydrophone (FoPH 2000; rP acoustics, leutenbach, Germany). To vary the amounts of induced cavitation activity and to determine cavitation thresholds, the focal peak negative HIFU pressure was varied within the range of 0.9 to 11 MPa, with a step of 0.5 MPa. a focused 5-MHz Pcd transducer with 19 mm diameter and 49.5 mm focal length (olympus ndT, Inc., Waltham, Ma) was fitted into the circular opening of the HIFU transducer and aligned confocally with the HIFU transducer (Fig. 1) . The dimensions of the focal areas for HIFU and Pcd were 12 × 1.6 mm and 55 × 2 mm at the −6-db level, respectively.
For ultrasound imaging of the HIFU exposures, the Verasonics Ultrasound Engine (VUE, Verasonics, redmond, Wa) was used, with a clinical linear imaging probe aTl/Philips HdI l7-4 (bothell, Wa) consisting of 128 elements. The probe was aligned perpendicular to the Fig. 1 . schematic of the experimental setup. all pulsed HIFU exposures of the transparent polyacrylamide gel phantoms were performed in a large water tank with a 1.27-MHz transducer. cavitation activity in the sample was monitored by three separate techniques simultaneously: passive cavitation detection (Pcd) using a single-element focused transducer, aligned confocally and coaxially with the HIFU transducer; active cavitation detection using the linear ultrasound imaging probe aTl l7-4 connected to a Verasonics imaging system; and visual observation of bubble activity using a high-speed camera. acoustic absorbers were positioned behind the sample to avoid reverberations inside the tank.
HIFU transducer axis (Fig. 1) . on the opposite side of the clinical probe, a Photron aPX-rs high-speed camera (monochrome, Photron, san diego, ca) was placed to visually observe and record bubble activity at the HIFU focus. The high-speed camera was set to a frame rate of 30 000 frames/s and a resolution of 256 × 512 pixels.
B. Gel Phantoms
To optically monitor bubble activity, all studies were performed in transparent Pa (7% w/v) phantoms [26] [27] [28] . The gel was combined with 7% w/v bovine serum albumin (bsa) to serve as an indicator for thermal denaturation. To prepare the samples, a liquid mixture of Pa gel constituents was degassed for 1 h in a desiccant chamber by a vacuum pump (VTE8, Thomas, sheboygan, WI). The degassed mixture was poured into a custom mold (5 cm wide by 5 cm tall by 8 cm deep). Polymerization was then initiated by the addition of a 10% w/v ammonium persulfate solution (aPs, sigma-aldrich co. llc, st. louis, Mo) and n,n,n′,n′-tetra-methylethylene/diamine (TEMEd, sigma-aldrich). after the Pa gel phantom was set, it was placed into a custom-designed holder. It had four side openings to provide both acoustic and optical windows for observation. The acoustic absorber was attached to the wall of the water tank opposite the HIFU transducer to reduce reverberation. The gel phantom was positioned so that the HIFU focus was 15 mm deep below the gel proximal surface.
C. PCD Signal Processing
during HIFU exposures, a series of 1 ms duration broadband signals were acquired by the Pcd transducer and processed using a custom-made digital filter using Matlab (Matlab 2010b, The MathWorks Inc., natick, Ma) as described in our previous study [29] . because the majority of focal HIFU waveforms used in this study were nonlinearly distorted [ Fig. 2(a) ], the backscattered harmonics of the HIFU wave dominated the band-pass filtered Pcd signal. Fig. 2(b) shows an example of the frequency spectrum of the signal recorded by the Pcd. a combination of a band-pass filter (Matlab function fir1) and a notch-shaped comb filter (Matlab function iirnotch) was used to separate frequency components associated with broadband noise emissions from inertially collapsing bubbles [ Fig. 2(c) ].
The filtered Pcd signal was further analyzed in the time domain to obtain a binary evaluation metric of whether a cavitation event took place within the HIFU pulse duration. The cavitation event was considered observed if the signal amplitude exceeded the maximum amplitude of the background noise by a factor of 5-the rose criterion, which ensures the signal is distinguishable from a simple statistical variation of the background noise with a 98% confidence level [30] . This binary measure was obtained for pHIFU exposures at each of the peak negative pressure levels. at each level, 20 different spots in the gel phantom were treated. We then calculated cavitation probability at each level as the ratio (expressed in percent) of the number of pHIFU focus locations at which at least one cavitation event was observed throughout the exposure to the total number of spots treated. similar to our previous work, the cavitation threshold [29] was defined as the peak negative pressure level corresponding to a 50% probability of cavitation.
D. Ultrasound Imaging
Imaging was performed in a flash transmitting mode in which all array elements were excited simultaneously to emit a quasi-plane wave in the direction orthogonal to the radiating surface, i.e., at zero-degree incident angle. color doppler imaging was followed by b-mode imaging. In doppler mode, the central 64 elements were excited by a series of 14 doppler ensemble pulses (the default number of pulses for VUE) emitted with a pulse repetition frequency (PrF) and an applied voltage level of 35 V set through VUE flash-mode color doppler programmable script [31] . The peak-rarefactional pressure P − of the imaging probe at the distance corresponding to the location of the HIFU focus was measured by a lipstick hydrophone (HGl-0085, onda corp., sunnyvale, ca) to be P − = 1.7 MPa. The event sequence of the VUE script was modified so that doppler pulses were transmitted following HIFU pulses. Each doppler pulse was a 3-cycle tone burst with 5 MHz central frequency. In b mode, all 128 elements were excited by a single-cycle 5-MHz pulse. received signals in both doppler and b-mode regimes were sampled at 20 MHz with a 12-bit analog-to-digital convertor (adc) and saved in the receive buffer of VUE. saved rF signals were later used for doppler processing and image reconstruction. The average image processing and reconstruction time was 24 ms.
It was important to note that, of the 14 doppler ensemble pulses, the first two pulses were omitted to avoid possible unrepeatable tissue reverberation. The later 12 pulses were used in further doppler processing and image reconstruction. Therefore, the third transmitted doppler pulse will subsequently be referred to as the first doppler pulse.
Three different pulse sequences were used here to synchronize HIFU pulses with the doppler ensemble, as illustrated in Fig. 3 . The first was referred to as the color doppler sequence [ Fig. 3(a) ]. a series of twenty 1-ms HIFU pulses were delivered at a PrF of 1 Hz to a single treatment location. This HIFU pulsing scheme was chosen to match our previous work on the cavitation threshold in tissues and phantoms and chemotherapeutic drug delivery to pancreatic tumors [29] .
after each HIFU pulse, a series of 14 doppler ensemble pulses were transmitted and received by the imaging probe in flash mode with a PrF of 3 kHz. This PrF was chosen because it should properly sample the range of expected velocities and was typical for the doppler regimes in clinical ultrasound machines. Each doppler ensemble was transmitted with a 700 μs delay after the corresponding HIFU pulse to avoid interference between HIFU pulse reverberations in the tank and doppler pulses. received doppler ensemble pulses were then stored for off-line processing and also used in real time to form a color doppler image.
Immediately after transmitting and receiving doppler pulses, a 1-cycle 5-MHz pulse was transmitted in flash mode and received by the imaging probe to form a bmode image, which was then combined with the color doppler image. after 20 sets of pulses (each consisting of one HIFU pulse, 14 doppler pulses, and one b-mode pulse) were transmitted, the focus was moved to a different location in the phantom.
The second pulse sequence-pulse-inversion dopplerwas identical to color doppler, with one modification: every other pulse in the doppler ensemble following the HIFU pulse was inverted, as shown in Fig. 3(b) . This sequence can separate those components of the doppler signal arising from nonlinear scattering, in particular, the second harmonic of the transmit signal [23] . because the frequency band of the imaging probe was 4 to 7 MHz, the transmit frequency was set to 3 MHz so that the second harmonic (6 MHz) would be within the frequency band of the transducer.
The third pulse sequence was referred to as interleaving doppler and is illustrated in Fig. 3(c) . Twenty sets of pulses, each consisting of 14 HIFU pulses interleaved with 14 doppler ensemble pulses, were delivered to a single treatment spot at a PrF of 1 Hz. Each HIFU pulse was reduced in duration to 200 μs compared with the first two pulse sequences to keep the doppler pulse PrF nearly the same-2.5 kHz. Each doppler pulse was transmitted with a 150 μs delay after the corresponding HIFU pulse to avoid interference. similar to color doppler and interleaving doppler sequences, one doppler image was reconstructed from the later 12 doppler pulses. Immediately after each set of interleaved HIFU and doppler pulses were delivered, a single 1-cycle 5-MHz signal was transmitted and received to form a b-mode image.
E. Signal Processing
all rF signals were analyzed in Matlab to reconstruct doppler images according to the algorithm illustrated in Fig. 4 . consider a doppler ensemble consisting of N = 12 pulses. The time from one transducer firing to the next was defined as slow time, and was denoted as the number of the pulse within the doppler ensemble, i. The time elapsed during reception of each pulse was defined as fast time, t, and was determined by the round-trip time of flight of a doppler pulse and measured in millimeters: l = ct/2, where c is the speed of sound. received rF signals were first beamformed using conventional delay-and-sum processing. Then the signal was transformed to obtain the in-phase and quadrature (I/q) components. In this study, Hilbert transform was used to perform I/q processing. The received beamformed signal can be then represented as a complex (analytic) discrete signal Z(n), the real and imaginary parts of which are the I and q components. 
signals from stationary or slowly moving scatterers and separate only doppler residuals [32] . For pulseinversion doppler, an additional low-pass filter along slow time was applied to remove signals associated with linear scatterers [23] . The cut-off frequency of the filter was PrF/4 (Matlab function sgolayfilt).
after wall filtering, we used the most common method for velocity and doppler power estimation in modern systems, the autocorrelation algorithm [33] .
let R (k) be the doppler autocorrelation function along slow time at a lag of k pulse repetition periods:
where N is the total number of doppler pulses along slow time and i is the pulse number in the doppler ensemble. according to Kasai et al. [33] , the mean doppler frequency shift ω can be calculated as the phase of the autocorrelation function at a lag of one doppler pulse repetition period, arg{R(1)}:
doppler power can be calculated as |R (1)|. The mean velocity can be also derived from ω as follows:
where ω 0 is the angular frequency of the carrier signal, θ is the angle between the sound beam and the direction of the flow. Thus, both doppler frequency shift and doppler power at each fast time sampling point were calculated using this approach. at the final step, the doppler power at each pixel of the image was compared with a threshold, and if it exceeded the threshold, color doppler information, i.e., the phase of R(1), was displayed on top of b-mode pixels. The threshold and color priority were defined the same way as in lu et al. [21] : the background noise level, defined as the average of the doppler powers over all pixels in the image, multiplied by a factor of two. The color encoding priority was set at the highest level so that color pixels were always prioritized versus gray scale pixels.
III. results
A. Pilot Observations With High-Speed Camera and Color Doppler Ultrasound Imaging
In the first series of experiments, simultaneous observation of pHIFU-induced bubble activity in the gel phantom was performed by high-speed camera and doppler ultrasound using two different pulse sequences-color doppler and interleaving doppler. The pHIFU focal peak negative pressure in this case was 5.1 MPa. The VUE ultrasound system was used to display color doppler images in real time, without any further signal processing. The obtained color doppler images of the HIFU transducer focal area are presented side-by-side with the corresponding high-speed camera images in Fig. 5 for both pulse sequences. cavitation bubbles distributed throughout the transducer's oval-shaped focal area were clearly visible in both high-speed camera images as dark spots Each of the 12 received pulses of the doppler ensemble were first beamformed and then Hilbert transformed to obtain in-phase and quadrature components (I/q). They were then wall-filtered along slow time to remove slow motions. For the color doppler case, wall filtering is performed with a linear regression filter. For the pulse-inversion case, wall filtering is performed with an additional low-pass filtering at a cutoff frequency of PrF/4 so that only the signal associated with nonlinear scattering processes is retained. after wall filtering, the autocorrelation function of the complex signal along slow time at a lag of one doppler pulse, R (1) , was computed at each depth, i.e., for each fast-time sample. If the amplitude of the autocorrelation function, |R(1)|, was lower than a threshold of 6 db above the background noise level, the b-mode image was displayed in corresponding pixels. If |R(1)| was higher than the threshold, the corresponding pixels displayed color, which was determined by the phase of R (1) . arg{R(1)} corresponds to the derivative of the autocorrelation phase along slow time and can be converted to the velocity of moving scatterers.
across the whole exposure, no thermal denaturation was observed in the gel phantoms. The size and position of the colored region in doppler ultrasound corresponded well to the size and position of the bubble distribution seen on the high-speed camera images, providing one confirmation that the color region originates from cavitation bubbles. In both cases, the color region grew in size with increasing HIFU focal peak negative pressure, and disappeared as the peak negative pressure fell below a certain threshold (3.1 MPa for color doppler and 1.9 MPa for interleaving doppler).
doppler images for the two pulse sequences looked qualitatively different. In the color doppler sequence, regions displaying color contained alternating dark red and blue areas that, in doppler processing, would be interpreted as very slowly, chaotically moving scatterers [ Fig.  5(c) ]. In interleaving doppler, the color region contained a color mosaic characteristic of the Ta typically seen on hard concretions in tissue [ Fig. 5(d) ], and would be interpreted as scatterers having the entire range of speeds and moving in all directions at once. These qualitative characteristics were the same across the whole range of pHIFU focal pressures.
B. Interpretation of Pilot Results
To explain the origin of the different color displays in color doppler and interleaving doppler, non-beamformed rF signals from the middle element of the ultrasound array were considered. Fig. 6(a) presents the first two waveforms from the ensemble of doppler pulses from the depth corresponding to the HIFU focus. as seen, the amplitude of the first pulse was larger than that of the second pulse, but there was no visible phase shift between pulses. Fig.  6(b) shows the received signal amplitude plotted along slow time and fast time for the entire doppler ensemble. at all of the fast-time sampling points, the signal amplitude gradually declined across slow time, suggesting the presence of a scatterer with decreasing reflectance. The amplitude [ Fig. 6(c) These observations suggested the following mechanism for the appearance of the dark red and blue area in the color doppler image: pHIFU induced cavitation bubbles that gradually dissolved after the HIFU pulse was delivered. The amplitude of backscattered doppler pulses was strongly affected by the change in the bubble size, and therefore the amplitude of the autocorrelation at lag 1 was high, and the bubble was displayed as color. However, the signal phase did not change from one doppler pulse to the next, because bubbles were not moving, and the displayed speed was close to zero, as shown by the dark red and dark blue regions in the reconstructed color image [ Fig. 5(c) ].
For the interleaving doppler pulse sequence, the overall levels of the first two signals of the doppler ensemble were similar [ Fig. 7(a) ]; however, noticeable phase shifts and amplitude fluctuations were present. as seen in Fig. 7(b) , these fluctuations continued across slow time, suggesting that the backscattered signal from pHIFU-generated bubbles changed sporadically from one doppler pulse to the next. Figs. 7(c) and 7(d) show that the fast time segment, at which the autocorrelation amplitude was above the threshold (39.8 to 41.2 mm), corresponds to phase fluctuations over a wide range (−π to π). This suggested that the distribution of bubbles resulting from each HIFU pulse differed in bubble size, number, and positions. These changes induced by different HIFU pulses resulted in large autocorrelation amplitude and random phase changes which manifested themselves as the color mosaic in the color doppler image. In control experiments in which HIFU was not turned on, the received doppler signals contained no subharmonic or superharmonic components in their spectrum. Therefore, the phase fluctuation could not have been associated with the nonlinear propagation effects in the gel phantom.
In pulse-inversion doppler, the sum of inverted and noninverted subsequent doppler pulses only contained the second harmonic of the transmitted signal, i.e., the signal associated with nonlinear scatterers. an example of the first two received rF signals from a pulse-inversion doppler ensemble is shown in Fig. 8(a) . The spectrum of both signals [ Fig. 8(c) ] contained harmonics of the center transmit frequency of 3 MHz. When the pulses were summed [ Fig. 8(b) ], only the second harmonic signal at 6 MHz was left in the spectrum [ Fig. 8(d) ]. This suggested that residual bubbles induced by the HIFU pulse produced a strong enough nonlinear response to be detectable by pulse-inversion doppler. In this particular example, the peak negative focal pressure of the HIFU pulse was 4.6 MPa.
The fast time range in which the amplitude of autocorrelation function [ Fig. 9(a) ] exceeded the threshold for color display (33 to 33.8 mm) had an autocorrelation phase [ Fig. 9(b) ] that fluctuated around zero, suggesting that bubbles did not move from one pulse to the next but did produce a nonlinear response.
C. Investigation of the Doppler Techniques' Sensitivity
Pilot experiments with all three pulse sequences indicated that in all cases the increased magnitude of the doppler signal originated from changes in the pHIFU-induced bubble distribution across slow time, or from the nonlinearity of the bubbles. However, the doppler signal phase did not correspond to true motion of the bubbles or reflect any of the bubble characteristics. Therefore, phase information was discarded in the future studies, and instead doppler signal magnitude was displayed on top of the b-mode images, i.e., power doppler regime, rather than color doppler, was implemented. The corresponding images, reconstructed offline, for all three pulse sequences at two different pHIFU power levels are shown in Fig. 10 .
based on the pilot experimental results, the three doppler techniques reflected different characteristics of the residual bubble distribution: bubble size and rate of dissolution (color doppler), the degree of change in bubble distribution from one HIFU pulse to the next (interleaving doppler), and the magnitude of the bubble nonlinear response (pulse-inversion doppler). Therefore, the sensitivities of the three techniques were likely to be different and were measured, similarly to Pcd, in terms of the threshold for 50% probability of observation of a cavitation event (see section II-b). a cavitation event was considered observed if color was displayed on top of the b-mode image. The sensitivities of all doppler techniques were compared with those of Pcd and high-speed photography, as summarized in Table I . The comparison was performed separately for interleaving doppler to account for the smaller HIFU pulse duration used in this technique. The accuracy of the thresholds was mostly determined by the step size in changing peak negative focal HIFU pressure, 0.5 MPa. as seen, all of the doppler techniques appeared substantially more sensitive than other methods.
IV. discussion
In this work, we investigated the feasibility and sensitivity of three different doppler techniques in detection of pHIFU-induced cavitation bubbles: color doppler, pulse-inversion doppler, and interleaving doppler. These techniques were found to be not only more sensitive than conventional Pcd or high-speed photography, but also complementary to each other, i.e., providing different information about the bubble distribution.
For interleaving doppler, the doppler signal fluctuated over slow time (i.e., from one HIFU pulse to the next) because each HIFU pulse produced a different bubble distribution. It could therefore be interpreted as sensitive to the mere presence of bubbles, not necessarily bubble ac- The interleaving doppler sequence appeared to be the most sensitive to the onset of cavitation, and the color region was displayed when HIFU focal peak rarefactional pressure exceeded 1.9 MPa. both color doppler and pulse-inversion doppler sequences had the same sensitivity to cavitation and color was displayed only at 3.1 MPa pressure. tivity, and was found to be the most sensitive among the considered techniques. In concept, interleaving doppler is similar to doppler decorrelation algorithms [24] , [34] , which measure the decorrelation of backscattered signals from Ucas before and after they are disrupted by a more intense pulse. The differences in our case were that the intense pulse was the bubble-producing HIFU pulse and that more than two doppler pulses were used.
The doppler signal in the color doppler mode originated from the change in the size of the bubbles as they dissolved rapidly after HIFU was turned off. The signal was therefore representative primarily of bubble size, but also of the physical properties of the medium around the bubble, because it would influence dissolution speed. Pulseinversion doppler was found to have similar sensitivity to color doppler, and was an indicator of the strength of the bubble's nonlinear response to doppler ensemble pulses. This response was, in turn, dictated by bubble size and medium properties. However, pulse-inversion doppler has an important advantage over color doppler for in vivo implementation-it is only sensitive to nonlinear scatterers, and is not cluttered by the linear signal component reflecting body motion or blood circulation.
In all the pulsing sequences used in this work, 12 doppler pulses per ensemble were used, primarily because this is the default number for many clinical ultrasound machines. However, this number may potentially be reduced to increase imaging speed, depending on the bubble dissolution time (for color doppler and pulse-inversion doppler) and the degree of change in bubble distribution between HIFU pulses. To determine the optimal number of pulses in the doppler ensemble, the amplitude of the autocorrelation function between two consecutive rF pulses was plotted along slow time and compared between different pulse sequences (Fig. 11) . as seen, the autocorrelation amplitude dropped very rapidly in the color doppler case and hardly changed after the sixth pulse of the ensemble. Therefore, the number of pulses can be reduced in this case without loss of signal strength. For interleaving doppler, the autocorrelation amplitude changes randomly across pulse pairs; therefore, the more pulses delivered, the stronger the doppler signal. The number of pulses in the ensemble can thus be adjusted based on the needs in a particular situation.
In this work, all doppler methods were implemented in flash mode, because cavitation bubbles are very transient, and transmitting multiple beams or waves at multiple angles would not be rapid enough to capture these bubbles. Flash mode is known to provide relatively poor spatial resolution in the transverse direction [35] , [36] , which was not critical in this pilot study, but would certainly be unacceptable in a clinical setting. However, because the number of pulses in a doppler ensemble can be substantially reduced, it is potentially feasible to utilize multiple transmit beams or incident angles within the same imaging time, and enhance image resolution through coherent spatial compounding.
because interleaving doppler and pulse-inversion doppler provide complementary information about cavitation bubbles, they can be combined into a single method using more complex pulse sequences with multiple HIFU pulses, followed by multiple doppler ensemble pulses with interchanging polarities. This method, which we term bubble doppler, quantifies the bubble nonlinearity and maps bubble presence at the same time. It should be able to provide superior sensitivity compared with Pcd methods. It would also be readily translatable for clinical use, because it uses a commercially available imaging probe which can be incorporated into a HIFU system. Future work will test bubble doppler for cavitation mapping during pHIFU exposures in ex vivo and in vivo tissues. In particular, pHIFU insonations to enhance drug delivery to pancreatic tumors through cavitation activity has been our recent research focus, and a transgenic mouse model has been used in these experiments [29] . The cavitation threshold in murine pancreatic tumors in vivo was identified previously using Pcd (3.1 MPa) and was similar to that in Pa gel phantoms. Therefore, color doppler and pulse-inversion doppler methods are expected to have similar or slightly lower sensitivity thresholds in vivo. We expect that bubble doppler images could be displayed when HIFU reaches a similar peak-rarefactional level in in vivo pancreas as in Pa gel phantoms, 3.1 MPa, because of their similar cavitation thresholds characterized by Pcd [29] . Interleaving doppler technique, however, is likely to be even more sensitive in vivo, because the bubble population and cavitation nuclei distribution are constantly changing not only by HIFU, but also by the circulation and tissue motion.
V. conclusions
In this manuscript, the methods for pHIFU-induced microbubble detection were studied. color doppler imaging showed the decrease in bubble size after the HIFU pulse. Pulse inversion could capture the nonlinearity of the bubbles. Interleaving doppler was most sensitive to the presence of bubbles among all techniques. The combination of these techniques is likely to be beneficial for imaging bubble location and characterizing bubble nonlinearity. In summary, a new ultrasound imaging protocol was proposed to detect microbubbles induced by pHIFU using a modification of doppler pulse sequences. This imaging modality was shown to provide sensitivity superior to that of existing cavitation detection methods, and at the same time spatially resolve bubble location, similarly to conventional doppler imaging.
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